ABSTRACT: The LUX dark matter search experiment is a 350 kg dual-phase xenon time projection chamber located at the 4850 ft level of the Sanford Underground Research Facility in Lead, SD. The success of two-phase xenon detectors for dark matter searches relies on their ability to distinguish electron recoil (ER) background events from nuclear recoil (NR) signal events. Typically, the NR-ER discrimination is obtained from the ratio of the electroluminescence light (S2) to the prompt scintillation light (S1). Analysis of the S1 pulse shape is an additional discrimination technique that can be used to distinguish NR from ER. Pulse-shape NR-ER discrimination can be achieved based on the ratio of the de-excitation processes from singlet and triplet states that generate the S1. The NR S1 is dominated by the de-excitation process from singlet states with a time constant of about 3 ns while the ER S1 is dominated by the de-excitation process from triplet states with a time constant of about 24 ns. As the size of the detectors increases, the variation in the S1 photon flight path can become comparable to these decay constants, reducing the utility of pulse-shape analysis to separate NR from ER. The effect of path length variations in the LUX detector has been studied using the results of simulations and the impact on the S1 pulse shape analysis is discussed.
Introduction
The Large Underground Liquid Xenon Experiment (LUX) is a WIMP dark matter search experiment using a dual-phase xenon detector, described in detail in Ref. [1] . The basic principle of operation is that an energy deposition from an incident particle produces prompt scintillation light, called S1, and ionization electrons. The electrons drift to the liquid surface due to an applied electric field and are extracted into the gas region to produce electroluminescence light, called S2. The S1 and S2 light is observed with 122 photomultiplier tubes (PMTs) separated into two arrays of 61 PMTs each, located at the top and bottom of the detector. The LUX cryostat consists of two concentric titanium cans. The xenon is placed inside the inner can; a vacuum space is created between the outer and the inner cans. The inner wall of the LUX time-projection chamber (TPC) is made with polytetrafluoroethylene (PTFE) to enhance light collection efficiency due to its high reflectivity at xenon scintillation wavelengths. The TPC is a dodecagon in shape, about 60 cm in height from top to bottom PMT arrays, and about 49 cm in diameter. The liquid xenon surface is about 54.4 cm above the bottom PMT array. The gaseous phase spans a region of about 5 cm between the liquid surface and the top PMT array. LUX has been operating at the Sanford Underground Research Facility (SURF) in Lead, SD, since Oct 2012. The operation of liquid xenon detectors for dark matter searches relies on their ability to distinguish electron recoil (ER) background events from nuclear recoil (NR) signal events [2, 5, 6] . Typically, the NR-ER discrimination is obtained from the ratio of S2 light to S1 light. NR events produce less S2 light than ER for S1 signals of the same size. In addition to the S2 to S1 ratio, NR-ER discrimination can also be obtained based on the S1 photon timing distribution [3, 4] . The energy deposition on the xenon atom from the recoil produces an excited positive atom and ionization electrons. Two physics processes contribute to the S1 photon timing. The first process is a diatomic de-excitation process. Excited atoms from the recoil form an excited diatomic xenon molecule with a nearby xenon atom, then undergoes a de-excitation process to release photons. The de-excitation can occur from a singlet state, a state which has a short lifetime, or from a triplet state, which has a longer lifetime. The other process is a recombination between the ionization electrons and the positive atom. This process produces an excited xenon atom which eventually forms an excited diatomic xenon molecule and undergoes the de-excitation process. The ratio of excitation to ionization, as well as the ratio of singlet excitation to triplet excitation, is different for NR and ER events. Therefore, the timing distribution of the S1 photons can be used to discriminate NR from ER [5, 6] .
Quantity
Values Singlet lifetime 3.1 ± 0.7 ns Triplet lifetime 24 ± 1 ns Singlet to triplet probability ratio -NR 1.6 ± 0.2 Singlet to triplet probability ratio -ER 0.6 ± 0.2 Table 1 . S1 timing distribution parameters. The NR and ER singlet to triplet ratios are values at 0 kV/cm and 4 kV/cm electric field, respectively [10, 11, 12] . Figure 1 . S1 photon timing distribution of NR S1 (black) and ER S1 (gray) according to the parameters in Table 1 
Simulation method
To study the S1 pulse shape, a simulation is carried out using the LUXSim Monte Carlo simulation package, based on Geant4.9.4.p04 [7, 8, 9] . We use the S1 model as described in [10, 11, 12] . The parameters responsible for the S1 photon timing distribution from measurements are quoted in Table 1 and the plot of S1 photon timing distributions according to these parameters is shown in Fig. 1 . We use the singlet to triplet ratio of ER that corresponds to the case when the recombination process is not completely suppressed. The time constant is a function of recoil energy and applied electric field. In LUX, the time constant is estimated to be in the order of a several nanoseconds for the energy range of interest [10] . However, the explicit recombination time constant in ER is not included in the study at the moment. In NR, the time constant is negligible [10] . The uncertainties associated to each parameter are handled as statistical fluctuations. The fluctuation of each parameter is assumed to be a Gaussian distribution with a standard deviation of the respective uncertainty of that parameter. Both NR and ER singlet to triplet ratios are assumed to be independent of the recoil energy. The xenon scintillation wavelength is assumed to be 177 nm [13] .
To compare the time distributions shown in Fig. 1 to the measured distributions, detector effects must be taken into account. Due to the size of the detector, a photon can take many different paths between the point of origin and a PMT. To demonstrate this flight path variation effect, a simulation is done by emitting 177 nm photons isotropically from a specific source location. The photons are propagated through the detector until they reach the PMTs. The time each photon takes to reach a PMT is recorded. This process is repeated for several source locations uniformly distributed within a cylindrical region of 20 cm radius, and a height between 2.4 and 48.5 cm with respect to the bottom PMT array. A selected result is shown in Fig. 2 . These simulations show that many photons take more than 3.5 ns, the time of flight between the top and bottom PMT arrays, to arrive at any given PMT. This indicates that many photons travel in a non-straight path from the point of origin to the PMT.
Furthermore, each photoelectron generated at the PMT photocathode can take a different time to travel to the anode of the PMT. This transit time spread is a function of PMT bias voltage. LUX uses Hamamatsu R8778 PMTs which have a mean transit time of 41 ns and the transit time spread of 4 ns (FWHM) at 1500 V [14, 15] . The PMT mean transit time variation due to different bias voltages is not included in the simulation, since it can be corrected for. The S1 pulse shape generated from different locations including the effect from flight path variation and PMT transit time spread is shown in Fig. 3. 
S1 pulse shape discrimination
The results show that the observed S1 photon timing distributions (Fig. 3) are different from the distribution of the S1 photon generation model alone (Fig. 1) . These results show that the spread in the photon timing from the flight path variation and the PMT transit time spread will degrade NR-ER discrimination. The impact is location-dependent and will be greater as the size of the detector increases. Nevertheless, the results suggest that NR-ER discrimination can be achieved, even without position-dependent corrections. These corrections will improve the discrimination. The averaged S1 photon timing distribution, obtained from averaging the distributions from all locations, is shown in Fig. 3 (right) . To quantify the discrimination, we use Photon Timing Asymmetry (PTA) parameter, defined in Eq. PTA of NR and ER is maximized.
The NR-ER discrimination is studied for S1s with 10 to 100 detected photons. S1s of different sizes are generated from several locations within the same cylindrical region. The PTA is calculated for each S1 individually and plotted as a function of S1 size. For each S1 bin, the mean and standard deviation of the PTA are calculated. The results are shown in Fig. 4 . The PTA bands from NR and ER are clearly distinguishable. We define the NR acceptance region as the region above the NR band mean. The ER leakage fraction into the NR acceptance region is calculated and shown in Fig. 5 . This acceptance region yields a discrimination power of~72-93% over an S1 range of 10-100 detected photons. The method can be applied concurrently with the typical ratio of the S2 light over the S1 light for better overall discrimination.
Conclusions
In this paper, we have discussed detector effects, especially the photon flight path variation and the PMT transit time spread, on the S1 photon timing distribution. These effects cause the observed S1 photon timing distribution to be different from the actual S1 photon timing distribution. We have introduced a discrimination parameter, the PTA, and studied the NR-ER discrimination using PTA based on the S1 model and the LUX detector geometry. The discrimination power is~72-93% for S1 sizes of 10-100 detected photons. This pulse shape analysis can be applied to the data concurrently with the S2 to S1 ratio to improve the overall discrimination. 
